T he past three years have been exciting for those who study Ca 2+ signaling in nonexcitable cells. This is largely because genes coding for homologues of the Drosophila melanogaster Trp channels were finally identified and isolated from mammalian species. The name trp came from a spontaneous mutation called transient receptor potential, which affects the fly's vision so that the electroretinogram of the mutant eyes lacks the sustained activity. The genetic defect in this mutant leads to the absence of a photoreceptor-specific plasma membrane Ca 2+ entry channel (6) . Trp-related proteins have long been speculated to form capacitative Ca 2+ entry (CCE) channels. CCE is ubiquitously present in both nonexcitable and excitable cells. It is an important process in Ca 2+ signaling activated as a result of receptor-regulated stimulation of phospholipase C (PLC). ] i is to allow Ca 2+ to flow into the cytosol from these sources by opening Ca 2+ channels located on either the ER or the plasma membrane. In the case of PLC-mediated signaling, both Ca 2+ sources are used to produce a distinct pattern of [Ca 2+ ] i changes. Activation of PLC is a common route for the action of many hormones, neurotransmitters, and growth factors. The ␤-type PLC is activated by members of the ␣ q -family and ␤␥-subunits of heterotrimeric G proteins following receptor activation, whereas the ␥-type PLC is activated by receptor tyrosine kinases. As illustrated in Fig. 1 , PLC catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate and produces 1,2-diacylglycerol and inositol 1,4,5-trisphosphate (IP 3 ). IP 3 is the natural ligand for a set of Ca 2+ channels located on the ER membrane, the IP 3 receptors. IP 3 binding leads to the opening of the IP 3 receptor and release of Ca 2+ from its internal stores into the cytosol. This forms the first phase of the PLCmediated Ca 2+ signaling process, which is often referred to as Ca 2+ mobilization. Figure 2 shows how the process is observed experimentally. Human embryonic kidney (HEK) 293 cells were grown on glass coverslips and were loaded with fura 2, a fluorescent Ca 2+ indicator dye. [Ca 2+ ] i in individual cells was measured by Ca 2+ imaging using an inverted microscope attached to a xenon light source that provides alternating excitation light at 340 and 380 nm. The ratio of fura 2 fluorescence captured by an intensified charge-coupled device camera under these two excitation conditions correlates with [Ca 2+ ] i . In Fig. 2 influx channels are often referred to as storeoperated channels or SOCs. However, it appears that not all Ca 2+ influx channels involved in the PLC-mediated pathway are sensitive to store depletion and it is not known whether store depletion is the only mechanism by which CCE channels are activated.
CCE is a necessary component of the PLC-mediated

Drosophila phototransduction process is PLC mediated, and Trp is a SOC
Major efforts have been made to molecularly identify the CCE channels, whether they are store operated or otherwise. However, the ubiquitous nature of CCE and the lack of a specific inhibitor for CCE have made expression cloning or purification a difficult task. Therefore, much attention was given to the identification of homologues of the only known gene thought to be related to CCE, the Drosophila trp gene.
Phototransduction in insects is mediated by a G protein and a PLC. Studies of a Drosophila vision mutant showed that responses to light are completely blocked by a null mutation of the norpA gene that encodes a PLC-␤ isoform. Thus the activation of PLC-␤ is linked to the opening of an ion channel and membrane depolarization, which gives rise to the receptor potential that persists for as long as the receptor cell is illuminated. The sustained light-activated conductance is highly permeable to Ca 2+ , but, in the trp mutant, the Ca 2+ permeability is greatly reduced (6) . Although the initial cloning of the trp gene revealed that it is a membrane-associated protein with no close relatives, a related Drosophila protein, isolated as a calmodulinbinding protein, was subsequently characterized and named Trp-like (Trpl) because of its similarity to Trp. Both Trp and Trpl are photoreceptor specific and have predicted structural features similar to that of a single domain of voltage-gated ion channels; namely, they appear to have six transmembrane segments and cytosolically localized amino and carboxy termini. Of particular interest was that the last four putative transmembrane segments (S3-S6) of Trp and Trpl are somewhat similar to those of the voltage-gated Na + and Ca 2+ channels, with the exception that only one lysine is present in the S4 segment of the Trp proteins. For the voltagegated channels, four to six positively charged amino acid residues are present in the S4 segment, which constitutes the voltage sensor that promotes channel opening in response to changes in membrane potential. Thus it was suggested that Trp and Trpl are voltage-independent channels that are regulated by events following the light-activated PLC pathway in Drosophila photoreceptors (6) .
The similarity between the mammalian PLC pathway and the insect's phototransduction process suggests that Trp and Trpl could form CCE channels. Indeed, recombinant Trp has been expressed in insect Sf9 cells, Xenopus laevis oocytes, and HEK 293T cells and shown to cause increases in inward current in response to treatment with IP 3 or TG (5, 10, 11). On the other hand, expression of Trpl in these cells led to the formation of a constitutively active nonselective cation channel. Stimulation by an agonist but not TG can further increase the activity of the Trpl channel. Although the pursuit for the third Drosophila trp gene has not been fruitful, the search for a mammalian homologue turned out to be surprisingly successful. This is due very significantly in part to the effort made by the human genome project and the availability of the dbEST (expressed sequence tag) database. The database, serving its proposed purpose to aid in the discovery of new human genes, contains several partial cDNA sequences that encode peptides with homology to the sequences of the Drosophila Trps. Three human genes (htrp1, htrp2, and htrp3) were identified on the basis of the dbEST sequences. Additional mouse (m), rat (r), and bovine (b) trp genes were identified using the classical reverse transcription coupled to polymerase chain reaction approach. Table 1 shows a current list of identified Trp homologues. The evolutionary distances of the Trp proteins are shown in Fig. 3 . In mouse and quite possibly in other mammalian species, there are at least six trp genes. These genes can be divided into four major subtypes, with trp3 and trp6 belonging to one and trp4 and trp5 belonging to another. The deduced Trp proteins share the same structural features as the Drosophila melanogaster Trp (DmTrp) and DmTrpl. In the middle, there is a hydrophobic domain containing six to eight hydrophobic regions of which six transverse the plasma membrane. Limited homology of the last four transmembrane segments to those of voltage-gated Na + and Ca 2+ channels is found for all Trps. The putative S4 segment of Trps contains only one lysine or arginine, consistent with the idea that Trps may form voltage-independent ion channels. Of the three parts of a Trp, the transmembrane region plus 50 residues immediately following the S6 segment are the most conserved, with a pairwise amino acid identity usually >35%, except for Caenorhabditis elegans Trp2 (CeTrp2), which is very distantly related to the other Trps (Fig. 3) . The amino terminus of a Trp has from 329 to 374 residues and is also conserved. It may contain up Current information of products of the trp gene family. Only one reference is listed for each gene. Nomenclature of mammalian Trps is used according to Zhu et al. (13) . Thus the human sequences appearing in GenBank X89066 and Z73903 are hTrp1; partial murine sequences published in X90697 and the full length bovine (X99792) and rat (AB008889) sequences are Trp4. *Primary transcript subject to alternative splicing. †Human trp2 has been determined to be a pseudogene. aa, amino acid. a, Sequences are published in Preuss et al., Biochem. Biophys. Res. Commun. 240:167-172, 1997, but not deposited in a public database.
Trp homologues are present throughout the animal phylogeny
"Limited homology of the last four transmembrane segments. . . ." to four ankyrin-like repeats and has a well-conserved CXCXXC motif (C for cysteine, X for any amino acid). The ankyrin-like repeats may form sites for protein-protein interaction, whereas the cysteine residues may form intersubunit disulfide bonds in a multimeric complex. On the other hand, the carboxy terminus is very different from one Trp to another, varying in length from 143 of CeTrp1 to 614 residues of DmTrp. Except for Calliphora vicina Trp (CvTrp), the unique domain containing nine tandem repeats of an eightamino acid sequence, DKDKKP(G/A)D, found at the very carboxy terminus of the DmTrp is not present in any other Trp. Even for CvTrp, the repeat sequence is now DKK(A/P)D, although this protein should be considered the Calliphora equivalent of the DmTrp. In addition, the carboxy terminus of DmTrp contains one and that of DmTrpl contains two calmodulin-binding sites. Although no such site has been reported for the other Trps, it is predictable that calmodulin-binding sites will be revealed for some Trps through experimental approaches.
Mammalian Trp proteins are involved in CCE
Mammalian Trp homologues have been expressed in cultured cells and found to form Ca 2+ influx channels that are activated by a treatment with receptor agonists IP 3 or TG. In one set of experiments, the cDNA of hTrp1, hTrp3, or mTrp6 was transfected together with the cDNA of the M 5 muscarinic receptor into COSM6 cells. [Ca 2+ ] i was measured using the protocols shown in Fig. 2 ] i , which are reflective of CCE activity, were significantly altered in trp-transfected cells. Thus, when Ca 2+ was present in the extracellular medium (as in Fig. 2, left) ] i was less than that for hTrp3 and mTrp6 (2, 13) . In patch-clamp experiments, injection of cDNA of hTrp1 in Chinese hamster ovary (CHO) cells led to the formation of a nonselective cation channel, which is activated by intracellular perfusion with IP 3 or treatment with TG (15) . Transient transfection of the bovine trp4 in HEK 293 cells resulted in the formation of a SOC opened by either IP 3 or TG treatment (7). The Trp4 channel seems to be selective for divalent (Ba 2+ and Ca 2+ ) over monovalent (Na + and Cs + ) cations. More convincing evidence that mammalian Trps are involved in CCE was obtained when mouse fibroblast L cells were transfected with cDNA of mouse trps in the antisense direction. This resulted in a block of the endogenous L cell CCE activated by stimulation of the cotransfected M 5 receptor (13). Thus not only can the mammalian Trps form Ca 2+ influx channels, but they also are directly or indirectly involved in the formation of the CCE channel.
However, there is a clear difference among Trp proteins concerning the mechanism of activation, similar to the difference found between DmTrp and DmTrpl. Although it has been clearly shown or stated that bTrp4 and hTrp1 are opened by store depletion caused by TG treatment, no convincing evidence has thus far been obtained to show that Trp3 or Trp6 are store operated. In fact, experimental results tend to indicate that they are not stimulated by store depletion. In COSM6 cells transfected with hTrp3, the TGstimulated increase in Ca 2+ influx is much smaller than that stimulated by carbachol (13) . In cells transfected with mTrp6, no significant increase in Ca 2+ influx can be observed when stimulated by TG (2). In both cases, addition of carbachol to the cells previously treated by TG causes additional Ca 2+ influx, a phenomenon not seen in control cells. Therefore, it seems that the activation of Trp3 and Trp6 is dependent on the activation of receptors. A more recent report shows that Trp3 is not sensitive to store depletion but rather to Ca 2+ . However, the exact activation mechanism for Trp3 still remains unclear (14) . In a recent study, we found that Ca 2+ influx mediated by Trp3 is blocked by a PLC inhibitor, U-73122, suggesting that activation of PLC or production of IP 3 is required for Trp3 activation (12) . On the other hand, both Trp3 and Trp6 tend to be spontaneously active when expressed in HEK 293 cells or CHO cells (12, 14) . Electrophysiological studies also show that Trp3 and Trp6 form nonselective cation channels with relatively large single-channel conductance (60 pS for Trp3). These features are similar to that of DmTrpl and different from those expected for store-operated CCE channels.
It appears that store-operated activation is anything but the common feature for members of the Trp family, and it may be used as a way to classify the Trp proteins. Thus DmTrp, Trp1, and Trp4 appear to be store sensitive, whereas DmTrpl, Trp3, and Trp6 do not seem to respond to mere store depletion. For DmTrpl, the activator for channel opening may be IP 3 or the activated ␣-subunit of a G protein, G 11 We are still steps away from demonstrating that Trp channels are the same CCE channels from which the CCE model was developed over the years. Native CCE channels include the CRAC channel reported for mast cells, T lymphocytes, and endothelial and many other cells. They also include a relatively high-conductance SOC reported for A-431 epithelial cells, which conducts Ba 2+ better than Ca 2+ (4) . A channel is evaluated by its properties, including the ion selectivity, sensitivity to blockers, unitary conductance, and tendency of rectification under negative or positive potentials. Because of insufficient electrophysiological data for the mammalian Trps, it is not yet possible to conclude whether the high-conductance SOC is a type of Trp channel, for example Trp1 or Trp4. However, it is clear that in no case has the current developed due to a heterologous expression of a Trp that mimicked the properties of I CRAC , which is quite unique with very high Ca 2+ selectivity and very small unitary conductance (<1 pS).
One possibility is that the CRAC channel is formed by a yet unknown protein, which may or may not be Trp related. Another possibility is that a native channel is a heteromultimer composed of several Trps plus some other auxiliary subunits (1) . Multimerization of Trps has recently been shown for DmTrp and DmTrpl. Coexpression of DmTrp and DmTrpl in Xenopus oocytes leads to the appearance of a channel with an ion selectivity and La 3+ sensitivity different from those seen in oocytes expressing either protein alone (5) . Interestingly, the new channel is activated to the same extent either by IP 3 or by TG, despite the fact that DmTrpl is a store-insensitive channel by itself. It has been shown biochemically that the amino termini of DmTrp and DmTrpl interact with each other (11) . Coexpression of the two proteins in 293T cells gave rise to a SOC that had features from both DmTrp and DmTrpl. Moreover, coexpressing with DmTrp also prevented the basal inward current seen when DmTrpl was expressed alone. Thus it was proposed that DmTrpl in photoreceptors may only form heteromultimers with DmTrp or other Trp-related proteins so that its spontaneous activity is prevented. The same idea would apply to Trp3 and Trp6, which are functionally similar to DmTrpl. Because the DmTrp-DmTrpl complex is store depletion sensitive, one would expect that all Trps can take part in forming store-operated heteromultimeric channels as long as one subunit is capable of detecting the store depletion signal. This provides a possibility that multiple channels formed by Trps in various combinations act in concert through multiple regulatory pathways in a cell-specific manner. Given the growing number of Trp homologues cloned and their tendency to form heteromultimeric channels, the potential that channels with distinct behavior exist is enormous. It is possible that one of these combinations constitutes the CRAC channel.
On the basis of the fact that the last four putative transmembrane segments of a Trp are similar to those of a single domain of voltage-gated Ca and Na + channels, a Trp-based channel may be a tetramer formed by four subunits (1) . Like the voltage-gated ion channels, other auxiliary subunits may also be needed to form a native Ca 2+ influx channel. Therefore, reconstitution of native channels from cloned trp genes remains a challenging task.
Recent studies on the Drosophila phototransduction molecules also revealed that DmTrp is physically linked to the upstream signaling proteins via direct association with a protein called InaD (3) . InaD contains five PDZ domains, a protein interaction motif. The major rhodopsin, the PLC (NorpA), an eye-specific protein kinase C (InaC), and calmodulin are all associated with InaD. Thus the phototransduction molecules are all linked in a supramolecular complex. It remains unanswered whether proteins involved in the mammalian PLC cascade also exist as supramolecular complexes. A human InaD homologue was recently found in the dbEST database and cloned (8) . It is twice as long as the Drosophila InaD (1,525 vs. 675 amino acids). Direct association of the human InaD with a Trp and other PLC-signaling proteins remains to be demonstrated.
In conclusion, the cloning of Trp homologues has opened a new era for elucidating the molecular basis of Ca 2+ influx associated with stimulation of PLC and the consequent production of IP 3 and Ca 2+ mobilization from its internal stores. For the most widely accepted CCE mechanism, the two major missing links are the nature of the store depletion signal and the structure of the plasma membrane channels. With the demonstration that some mammalian Trps are sensitive to store depletion and the possibility that store depletion-insensitive Trps may form store depletion-sensitive CCE channels via multimerization with a store-sensitive subunit, the molecular structure of CCE channels may have become apparent. Demonstration of the subunit structure of a CCE channel would aid in the identification of the store-depletion signal, since the channel is the target of such a signal.
